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On the Vertical Distribution of Local and Remote Sources of Water

for Precipitation

ABSTRACT

The vertical distribution of local and remote sources of water for precipitation and total column

water over the United States are evaluated in a general circulation model simulation. The

Goddard Earth Observing System (GEOS) general circulation model (GCM) includes passive

constituent tracers to determine the geographical sources of the water in the column. Results

show that the local percentage of precipitable water and local percentage of precipitation can be

very different. The transport of water vapor from remote oceanic sources at mid and upper levels

is important to the total water in the column over the central United States, while the access of

locally evaporated water in convective precipitation processes is important to the local

precipitation ratio. This result resembles the conceptual formulation of the convective

parameterization. However, the formulations of simple models of precipitation recycling include

the assumption that the ratio of the local water in the column is equal to the ratio of the local

precipitation. The present results demonstrate the uncertainty in that assumption, as locally

evaporated water is more concentrated near the surface.
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1. Introduction

The relative contribution local and remote geographic sources of water for precipitation

have been discussed for several centuries (as summarized by Brubaker et al., 1993). If the local

source of precipitation were a dominant factor over continental regions, then the feedback

between the land surface and precipitation would be important for synoptic to seasonal time

scales. Precipitation recycling is the process by which the local evaporative source of water

contributes to precipitation before leaving the local region (as defined by Eltahir and Bras, 1994).

In general, precipitation recycling in the United States follows the evaporative annual cycle,

reaching a maximum in the summer months (Bosilovich and Schubert, 2001a). Conceptually,

locally evaporated water enters the well-mixed planetary boundary layer (PBL), where it can

become a source of mass at the convective cloud base. Once entrained into the convective cloud,

the local water is carried upward where it can be condensed and precipitate back to the surface.

The difficulty, of course, is that not all the water will be entrained into a convective cloud, or the

prevailing atmospheric conditions may be unfavorable for precipitation, and the locally

evaporated water could also be advected away from the region.

Numerous recent studies have shown that soil water can strongly affect precipitating

systems (Beljaars et al. 1996; Bosilovich and Sun, 1999). Soil water feedback can also have a

significant impact on the duration of seasonal climate anomalies (Atlas et al., 1993; Oglesby

1991) as well as seasonal predictability (Koster et al. 2000). The immediate impact of a soil

water anomaly is on the surface evaporation, or the local source of water. Subsequently, the

change in soil water also changes the surface heating, planetary boundary layer thickness and the

vertical profile of latent heating (Sun and Bosilovich, 1996). Of course, precipitation anomalies

and variability also depend on more than just local surface conditions. Sea surface temperature
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anomaliescaninfluencethelarge-scalecirculation andultimately theproductionof precipitation

(Mo andNoguesPaegle,2000).The modulationof the low-leveljet in theUnited Statesis a key

factorin theUnitedStateswatercycle(HelfandandSchubert,1995)andespeciallyfor long-lived

droughtandflood (Mo et al., 1997).Also, for a local sourceof waterto affectprecipitation,the

large-scaleenvironmentmay needto be favorable for precipitation to occur (Barnston and

Schikedanz,1984). The amount of local water that actually contributesto precipitation, its

vertical distribution, and the amountremaining in the column arenot typically quantified in

numericalsimulations.

Simplified modelshave beendevelopedto diagnoseprecipitation recycling (Budyko,

1974;Brubakeret al. 1993;Eltahir and Bras, 1994;Burde andZangvil, 2001).Thesemodels

includenumeroussimplifying assumptions,including the useof time averaged(monthly mean)

and vertically integratedhydrologicdata.The simple modelsassumethat local water becomes

well mixed in the vertical column with all other sources of water. Furthermore, the simple

diagnostic models do not quantify the remote sources of precipitation. Recently, Dirmeyer and

Brubaker (1999) used a quasi-isentropic back trajectory model to compute local and remote

sources of water by analyzing three dimensional, six-hourly observation and analysis data. While

this lessens the assumptions of the bulk diagnostic models, the physical processes that create the

precipitation are statistically computed.

An accurate way of determining local and remote sources of water in GCMs has been

developed by Koster et al. (1986) and Joussaume et al. (1986). The methodology makes use of

three-dimensional passive constituent tracers, called water vapor tracers (Bosilovich and

Schubert, 2001b). In the present paper, we report on results from a short general circulation

model (GCM) simulation with water vapor tracers (WVTs). WVTs are three-dimensional model
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variablesthat use all evaporationfrom a limited region as a source and moist tendencies

proportionalto thetotal watervaporto computethesink (precipitation).The simulationhasbeen

analyzedto determinethe geographicalsourcesof waterfor the verticalcolumnover theUnited

Statesaswell asthesourcesof waterfor precipitation.Thenext sectiondescribesthemodeland

WVT methodology.Section3 presentstheanalysisof thesimulation,WVTs andthegeographic

sourcesof waterin thecolumnof atmosphereoverthecentralUnited States.

2. Model and Methodology

In this experiment, water evaporated from a limited region is the sole source for a three

dimensional global atmospheric constituent. Boundary layer mixing and horizontal advection act

on the constituent. Physical processes, such as convection, condensation and rain evaporation are

computed in proportion to the model's prognostic water vapor variable (within a three

dimensional grid cell). This constituent is called a water vapor tracer (WVT). The model

formulation and the WVT methodology follow Bosilovich and Schubert (2001b). Ultimately, the

basis for the WVTs was developed from the concepts of Koster et al. (1986) and Joussaume et al

(1986). Koster et al. (1986) and Joussaume et al. (1986) used this methodology to simulate the

global sources of continental and oceanic water, while Numaguti (1999) used a similar method to

simulate the regional sources of water in Eurasia

The base model used in this study is version 3 of the Goddard Earth Observing System

(GEOS-3) GCM (Suarez and Takacs 1995). The moisture and tracer advection is calculated by a

positive definite semi-Lagrangian method (Lin and Rood, 1996) on the Arakawa C grid, while

the temperature advection is computed by a fourth order scheme. The model physics includes:

Relaxed Arakawa-Schubert (RAS) convection (Moorthi and Suarez, 1992) with rain evaporation
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(SudandMolod 1988),parameterizationof shortwaveradiation(Harshvardhanet al. 1987)and

longwaveradiation (Chou 1984), and a level 2.5 b_)undarylayer turbulenceclosurescheme

(HelfandandLabraga,1988).A recentimprovementto the GEOSGCM is the addition of the

Mosaicland-surfacemodel(KosterandSuarez,1992).

Theprognosticequationfor watervaporis,

Oq
_t=_V.(qV)+O q +Oq +Oq Oq+-- (1)

" Ot turb Ot .... ,_ Ot r_vp Ot Ras

At any one point in the atmosphere, the physical tendencies that act on the water vapor are

turbulence (turb, including surface evaporation), and the moist tendencies occurring because of

large-scale precipitation and Relaxed Arakawa Schubert (RAS) convection parameterizations,

which include condensation (cond), rain evaporation (revp) and redistribution by convection

(RAS). The transport of water is critical to this experiment. Joussaume et al. (1986) suggest that a

positive definite advection scheme is required for tracer transport, and they employed a forward

scheme. In the present study, the model calculates moisture and tracer advection by a positive

definite semi-Lagrangian scheme developed by Lin and Rood (1996).

In the framework of a GCM, constituents of the atmosphere can be easily incorporated into

the dynamical and physical processes, especially if these constituents are passive (i.e. do not

affect or interact with the fundamental state variables of temperature, moisture and wind). In

general, passive constituents are implemented in the GCM as three-dimensional prognostic

variables, and can be referred to as tracers. In the present case, we would like to compute the

contribution of water to precipitation in one region that originated as local and remote

evaporation regions. To accomplish this, three-dimensional passive constituent tracers are

provided an evaporative source for a finite region. The three-dimensional constituents are

predicted forward in time (at the model's time step), parallel to the model's prognostic water
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vapor variable.The samephysical processesthat act on water vapor also act on the passive

constituents,includingprecipitation.Therefore,given a regionalsourceof evaporation,a water

vapor tracer (WVT) canbe usedto determinethat region'scontribution of water to moisture

transport,totalcolumnwaterandprecipitationat anypoint on theglobe.

Theprognosticequationfor anyoneWVT is,

Oqr Oq Oq Oq
Oqr- V3 "(qrV)4 + E,,g)r + fc-- +fR-- +fe.as-- (2)
Ot Ot ,,,o Ot _o,d Ot r_w Ot RAS

Turbulent tendency of the water vapor tracers occurs whenever constituent mass is present, but

the surface evaporative source only occurs within a tracer's limited region. Further, the surface

evaporative sink of tracers by dew formation is considered proportional to the ratio of WVT and

total water vapor near the surface. Tracer water is considered to be well mixed with the total

water vapor at each three-dimensional grid point. Therefore, the physical tendencies of WVTs by

precipitation processes are computed proportional to the those tendencies of total water vapor.

Note that condensation and rain evaporation terms include both large-scale and convective

tendencies, and the RAS subscript indicates the convection (or redistribution of water) by the

Relaxed Arakawa Schubert convection scheme. The proportionality relationships for

condensation (arc), rain evaporation (fR) and RAS convective redistribution (fRAS) are given by,

fc(L)- qr(L)

fR(L) =

q(L)

( Oqr 1
L-1 Oqr + -- do"

_l Ot co,,e Ot r_vp

s:( l-1 Oq +-- do.

Ot ,o,d Ot ,e,,p

(3)
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>0

L +l_q Ot RAS
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L is a given model level, and LM is the lowest model level closest to the surface and L=I is the

top of the model (0.1 mb). Integrations are done on the sigma vertical coordinate. In order to

close this set of equations, some conditions must be applied. If the proportionality requires the

use of the tracer water and specific humidity, the previous time step data is used in the

calculation. If tendencies are required, the current time step specific humidity tendencies are

used. The following boundary conditions are applied to solve the integrations:

Oq < 0 L = LM

Ot _s (4)
_q Oq = 0 L = 1

Ot,-o,d Ot re,,p

In words, the convective mass flux takes away water from the near surface layers, and the model

does not produce condensation and rain evaporation at the top of the model. The proportionality

rules can be summarized by: sinks of WVTs consider the ratio of the constituent water to total

water vapor at a level (e.g. condensation of water), while the sources of tracer water consider the

ratio of vertically integrated stores of tracer water and water vapor during vertical processes at a

given time (e.g. rain evaporation).

It should be reiterated that the WVTs are being computed at the model time step as

prognostic equations. The WVTs are predicted from model tendencies for water vapor, but do

not affect the model's state variables. The prognostic water vapor variable is used in the model

precipitation, convection and radiation processes. The precipitation and total water content of any

WVT at any time or grid point are computed by,
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(5)

QT = p" _1
g 1 qr do'. (6)

(where p., and g are surface pressure and gravitational acceleration, respectively). WVT transport

by the horizontal wind (<qTU, qTV>) is stored at every vertical level. This permits the time

averaged transport at any level to be decomposed into mean and transient components following,

f !

qr u = qr u + qru (7)
I •

qr v = qr v + qvv

The GCM diagnostics for precipitation, total precipitable water and moisture transport are

computed identically, except using the model's prognostic water vapor variable.

Here, we use the same model and WVT implementation as Bosilovich and Schubert

(2001b) to simulate the local and remote sources of water in the United States, with the exception

that the source regions are different. Specifically, the regions are expanded for more complete

representation of global sources and several additional diagnostic data are included. Source

regions are defined in Figure 1. Note that there are 19 large-scale continental and oceanic sources

and six regional United States sources defined in this experiment. The sources were defined by

inspection of geographical and meteorological features. For example, the Southern Plains (SP)

includes the region east of the Rocky Mountains, and encompassing the low-level jet. Large

inland bodies of water, such as the Mediterranean Sea and Hudson Bay were included in the

Polar WVT for convenience. In this simulation each model grid point contributes to one WVT.

The sum of all WVTs is equal to the prognostic specific humidity at every time step in the

simulation.
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In this experiment,we simulateonesummerseason.The modelwasinitialized onMay 1

from anarbitrary(but spunup)modelsimulation.The SSTsareprescribedfrom monthlymeans

of 1991 observations.The simulation stopson Septemberl, and the datapresentedhereare

seasonalaveragesof June,July andAugust (JJA).The modelhydrologywasvalidatedfor six

summerseasonsin previous work (Bosilovich and Schubert,2001b). The purposeof this

experimentis to evaluatethe vertical distribution of local andremoteregionalWVTs andtheir

transport.

3. Results

The moisture transport,total precipitablewaterand precipitationare evaluatedfor the

regionaltracersSouthernPlains (SP)and NorthernPlains(NP). A third region,CentralPlains

(CP)is alsoevaluated,but this regionis not associatedwith a uniqueWVT. The CentralPlainsis

definedbetweenSPandNP alongthesamelongitudes(boundedby, 105° W to 95° W and36° N

to 44° N). Figure 2 showsthe largestWVT percentcontributionsto JJA vertically integrated

WVT transportin theSP,NP andCP regions.During the summer,the largestamountof water

movingover theSouthernPlainshasasourcein thetropicalAtlantic OceanandGulf of Mexico.

While asignificantamountof wateroriginatesin thetropicalAtlanticOceanmovingthroughthe

Northernplains,the dominantgeographicalsourceis the NorthernPacificOcean.In the Central

Plains,thetropicalAtlantic andnorthernPacificarenearlyequal.

Thelargefractionof transportfrom theNorthPacificwassomewhatunexpected,because

the lower tropospherethe meanmoisturetransportis dominatedby southerlyflow eastof the

Rocky Mountains (Figure 3a). However, in the mid tropospherethe moisture transport is

dominatedby southwesterlyflow out of the Pacific Ocean.Transportof the SP moistureis

focusedon theSPregion,but spreadsdownstream,relativeto the low level flow (Figure3b).The
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mid-level flow is generallywesterly,but the transientcomponentof the transportis from the

northeast.Note that the SP mid-level transportis an order of magnitudesmallerthan the low-

level transport.The North Pacific transportis disruptedby the Rocky Mountains at the low

levels,but only 20% of the total moisturetransportinto the northernplains is from the North

Pacific Ocean(Figure3c). In the mid levels,thenorthPacificmoisturetransportcanreach50%

of thetotal transportinto thenorthernplains.TheNPa transienttransportis not a factorat in the

centralUnitedStates.ThetropicalAtlantic Oceanictransportvarieswith proximity from southto

north acrosstheplains (as in Figure 2). But the fraction of thetotal transportis around30% at

both themid andlower levelsin thecentralplains(Figure3d). In additionto themeantransport,

the transienttransportof TAt water is a comparablemagnitudeto the low-level total transient

transportover thecentralUnited States.

The geographicalsourcesof precipitation and TPW in SP, NP and CP are shownin

Figure4. In general,thepercentageof precipitationthat occursfrom the NorthernPacificWVT

is smaller than the percentageof total NorthernPacific WVT in the vertical column. This is

especiallytrue for the northernand centralplains regionsthat are in the pathof the mid-level

flow. The partitioningof CP precipitationand TPW indicatesthat the fraction of precipitation

that occursfrom SPevaporationis greaterthanthefractionof SPwater in thecolumn.While the

local sourcehasa largerfraction of precipitationthanTPW, the NPa contribution is reversed

with a largerfractionof TPW thanprecipitation.This indicatesthattheefficiencyof precipitating

thelocal water is higherthanthat of thenorthernPacificOcean.Further,the low level transport

of NPawater is likely impededby theRocky Mountains.The tropical Atlantic sourceof water

showssimilar ratiosfor bothTPW andprecipitation.This is likely aresultof thedefinition of the
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region, which has a long fetch upstream(relative to the tropical easterlies)and the close

proximity of theGulf of Mexico.

Thecontribution of local andremotesourcesof water to thespecific humidity profile is

presentedin Figure 5. Within each region's planetaryboundarylayer (SP, NP and CP), the

percentageof specifichumidity from thelocal sourcesis much largerthanthe NPacontribution.

However, in the middle and upper troposphere,the NPa contributionis much larger than the

local source.TheRAS convectiveparameterizationis designedto extractmassat thecloudbase,

usuallywithin the PBL, andconvectit to thecloud top, wherethe condensateis produced.The

convectionleavessomeof the local water in theuppertroposphereasevidencedby the slightly

increasedfractionsat 300mb than500 mb of SPandNP water.The tropicalAtlantic sourceof

wateris well mixed with respectto the total specifichumidity comparedto the otherdominant

sources.

Figure 5 indicatesthat the local watermaynot necessarilybevertically well mixed with

waterthat is advectedinto theregion.In theSPregion,local fractionof SPprecipitationis 26%,

andthe local fractionof SPTPW is 15%.Similarly, the NP regionhasa largerfractionof local

precipitationthanlocal TPW (Figure4). Generally,mostregionsshowmoreprecipitationfrom a

local sourcethan the TPW, exceptfor the southeasternregion (Figure 6). While most of the

regions'differencesarewithin a few percent,thedifferencescanbe large,evenif the integration

over the lowest levels is considered.However,evenif the percentagesof local TPW and local

precipitationareclose(asin theSEregion),significantverticalstratificationcannotberuledout.

Figure7 comparestheverticalprofilesof localwaterandall otheradvectedwateraveragedover

the SP and NW regions.The percentcontribution of local water is greater in the lower

troposphere,and less in the middle and upper tropospherein both regions.Despite the near
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agreementof the TPW and precipitation percentagesin the NW region (Figure 6), vertical

variationsof the local contribution of waterareevident.The vertical stratificationof local and

remotesourcesof water standsin contrastto the vertically well-mixed assumptionincludedin

manybulk analyticalrecycling models(Budyko, 1974;Brubakeret al., 1993;and Eltahir and

Bras, 1994,andsummarizedby BurdeandZangvil, 2001).Theprimary exampleis thattheNPa

sourceof waterin thecolumn is large,but existsprimarily in themid to uppertroposphere,and

contributeslessto theprecipitation.

4. Summary and conclusions

The purpose of this paper is to evaluate the vertical distribution of water vapor tracer

diagnostics (as applied by Bosilovich and Schubert, 2001b). The fraction of both moisture

transport and TPW from the northern Pacific Ocean are larger than the corresponding fraction

precipitation that occurs in the Great Plains of the United States. However, the fraction of

precipitation that originates as evaporation from the Great Plains is greater than the

corresponding fraction of this water in the vertical column. The vertical distribution of the

different sources of water indicates that the local Great Plains sources are concentrated in the

lower troposphere, while the northern Pacific concentrations are larger in the mid and upper

troposphere than near the surface. This is a reasonable response of the model simulation because

the convection parameterization entrains water from the planetary boundary layer into the cloud

base where it can be convected upward, and ultimately condensed. Also, the Rocky Mountains

interfere with the low-level flow of water from the North Pacific Ocean.

The simplified bulk diagnostic models of precipitation recycling are derived by assuming

that the local water is vertically well-mixed through the column (reviewed and discussed by

Burde and Zangvil, 2001). The well-mixed assumption is generally stated as the ratio of locally
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originatingwater in thecolumnto TPW is equalto theratio of locallyoriginatingprecipitationto

total precipitation.Thepresentanalysisdemonstratestwo mainpoints.First, within afairly small

sampleof data points, these ratios can be substantiallydifferent dependingon the vertical

distribution of moisturetransportandthe presenceof convectiveprocesses.Second,evenif the

ratiosaresimilar, verticalvariationsof local moisturein thecolumnareapparent.Previouswork

with the bulk diagnosticprecipitationrecyclingmodelsacceptsthis limitation, but its uncertainty

hasnot beenquantified.This would tend to increasetheuncertaintyof bulk estimatesdueto the

lackof physicalprocessesin thevertical, butwehavenotquantifiedtheuncertaintyin thesimple

recycling model results.Nonetheless,efficient diagnosticestimatesof precipitationrecycling

have beenuseful in studiesof the regional hydrologiccycle, and further developmentof the

simple methodsare neededto lessenthe restrictive assumptions.The WVT methodologyin

eitherGCM or dataassimilationsystemsis moreaccuratebutmorecomputationallyexpensive.
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6. List of Figures

Figure 1Geographicalsourceregionsfor WVTs. Global:NA - North America(only Canadaand

Mexico), SA - SouthAmerica,AF - Afi'ica, EU - Europe,AS - Asia, AU - Australia,

NPa- NorthPacific,SPa- SouthPacific,NAt - North Atlantic, TAt - TropicalAtlantic,

SAt - SouthAtlantic, InO - Indian Ocean,Pol - North and southPolar.United States

regional:SE - SouthEastern,SP- SouthernPlains,SW - SouthWestern,NW - North

Western,NP- NorthernPlains,NE - NorthEastern.

Figure2 Percentageof JJA vertically integratedmoisturetransportover SP,NP andCPthat had

a geographicsourcefrom selectedregions,The sourceregionspresentedare the most

influential acrosstheGreatPlains.

Figure3 Meanandtransientmoisturetransport(e.g.< q u,q v > and < q'u',q'v'>, respectively)

at 850 mb and 500mb for (a) total moisture transport, (b) SP WVT transport and (c) NPa

WVT transport and (d) TAt WVT transport. The scale vector is shown and varies by level

and variable, and has units of kg/kg m/s. In (b), (c)and (d), the mean transport also shows

contours of the percentage of total transport.

Figure 4 Percentage of JJA total precipitable water and precipitation that originated from the

most influential source regions, area averaged for SP, NP and CP.

Figure 5 Percent contribution of the TAt, NPa, SP and NP regions to the specific humidity

profiles (qT/q at each level) averaged over NP, SP and CP regions.
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Figure 6 Percentcontributionof localevaporationto precipitation(PT/P)andTPW (Qr/Q), area

averagedfor the United Statesregional sourcesin Figure 1. QT/Q (LL) indicates the

vertical integration over the lowest 11 model levels (roughly up to 700 mb in the vicinity

the Unites States).

Figure 7 Percent contributions of the local sources to the vertical profile of specific humidity area

averaged for the SP and NW regions.
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Popular Summary
On the Vertical Distribution of Local and Remote Sources of Water for Precipitation

By M. G. Bosilovich, NASA DAO, Code 910.3

The wal;er cycle is a serious concern in many, if not all, climate change scenarios. There

is some evidence that as global warming progresses, the intensity of the water cycle Imay

increase, most noticeably leading to more frequent long term drought and flood.

Numerical models and data analysis systems are often used to study climate change and

the water cycle. Mean components of the water cycle, such as evaporation and

precipitation are insufficient to quantify the regional changes to the water cycle. For

example, does water evaporate from the surface of one region and precipitate in another,

or does it stay in the same region? The answer provides a crucial pathway to

understanding the water cycle, water vapor transport and surface/atmosphere interactions

that can influence the intensity and duration of regional flood and drought.

In this paper, a new diagnostic tool that tracks the geographic source of water in

precipitation events in numerical models is used to evaluate how the model computes

precipitation. Given a source region of water entering the atmosphere by evaporation, we

can follow the water as it moves and is affected by physical processes, such as

condensation. Water that precipitates within the region it originated from is called local

precipitation, and water that is transported a distance from a different region is called

remote precipitation. Results show that local water in the atmosphere is vertically

stratified, larger near the surface and less in the upper troposphere. This stratification

allows the local water to provide a significant source of water for convective

precipitation, because convective processes entrain water from the lower troposphere.

While this is not a new concept, this diagnostic tool allows quantitative evaluation of the

local processes and their difference from the influence of remote water. There is a need to

better understand these processes in order to advance seasonal and climate predictions.




